Surface-anchored, crystalline and oriented metal organic frameworks (SURMOFs) have huge potential for biological applications due to their well-defined and highly-porous structure. In this work we describe a MOF-based, fully autonomous system, which combines sensing, a specific response, and the release of an antimicrobial agent. The Cu-containing SURMOF, Cu-SURMOF 2, is stable in artificial seawater and shows stimulus-responsive anti-fouling properties against marine bacteria. When Cobetia marina adheres on the SURMOF, the framework's response is lethal to the adhering microorganism. A thorough analysis reveals that this response is induced by agents secreted from the microbes after adhesion to the substrate, and includes a release of Cu ions resulting from a degradation of the SURMOF. The stimulus-responsive antifouling effect of Cu-SURMOF 2 demonstrates the first application of Cu-SURMOF 2 as autonomous system with great potential for further microbiological and cell culture applications.
Background
Biocide release into the environment is subject to an increasingly strong regulation. For the formulation of marine antifouling coatings, organo-tin compounds have already been banned and the use of copper-based paints on hulls of recreational vessels in certain areas of Europe has recently been restricted [1] [2] [3] . However, control of biofouling-the unwanted colonization of submerged surfaces by biological substances and organisms-is of major environmental and socioeconomic relevance as it affects many marine industries. Especially in shipping industry heavy fouling results in higher fuel consumption with major environmental and economic penalties [3] [4] [5] . Copper-based coatings and paints are frequently used to control biofouling on ship hulls and are currently the workhorse of the coatings industry [5, 6] . The release of copper from these protective coatings into the environment is substantial and reaches 1000 tons per year for a large, 65,000 Gross Registered Ton container ship that is 260 m in length [6] .
For the reduction of metal ions released into the environment urgently smart coatings are needed, which e.g. rely on stimulus-responsive chemistries. Ideally, such coatings would combine a dormant state, the sensing for the presence of microbes, a switching to an active state and finally the release of a biocide. A combination of these different functions into a coating represents a major challenge. Metal organic frameworks (MOFs), also referred to as porous coordination polymers (PCPs), consist of metal or metal-oxo connectors and organic linkers and have been used in a variety of applications such as the storage of molecules or drug delivery [7, 8] . In this article, we demonstrate that a particular class of surface-anchored metal-organic frameworks (SURMOFs) based on Cu 2+ , called Cu-SURMOF 2, show the required autonomous actions by exploiting their properties as a stimulus-responsive anti-fouling material.
Methods

Preparation of gold substrates
Gold substrates were purchased by PVD Beschichtungen (Silz, Germany). Thin films of polycrystalline gold were prepared by thermal vapour deposition of 30 nm gold (99.99% purity) onto Nexterion® B glass slides (Schott, Mainz, Germany) predeposited with a 5 nm titanium adhesion layer. Evaporation was performed at a pressure of 2 × 10 −7 mbar and a deposition rate of 0.5 nm s −1 , leading to a root-mean-square (rms) roughness of about 1 nm. Gold substrates were stored under argon until used.
SAM preparation
In order to synthesize 16-mercaptohexadecanoic acid (MHDA) or hexadecanthiole (HDT) SAMs, a thiol solution was prepared as described in previous studies by dissolving the respective thiole solution (90%, Aldrich, purified by recrystallizing twice before use) in a 5% volume mixture of acetic acid in ethanol to reach the desired concentration of 20 μM. A clean gold substrate was placed in this solution for 48 h and then rinsed with the pure solvent and gently dried under nitrogen flux.
SURMOF preparation
SURMOFs 2 were prepared by employing the spray method [9] which has been successfully used in other layerby-layer fabrication schemes for coating substrates e.g. polyelectrolyte multilayers. SURMOF 2 layers were grown on MHDA SAMs. These substrates were placed on a sample holder and subsequently sprayed with a 1 mM ethanol solution of M 2 (CH 3 COO) 4 · H 2 O, M = Cu or Zn) for 10 s and then with a 0.2 mM 1,4-benzendicarboxylic acid (CBD) solution for 20 s at room temperature. Between each step, the substrates were rinsed with ethanol. Critical parameters of the spray procedure were carrier gas pressure (1.5 bar), liquid pressure (0.2 bar), flow rate (0.25 ml/s), and distance between the nozzle and the target (0.1 m). The number of deposited layer varies depending on the desired thickness of the SURMOFs 2. For this work, three kinds of CuSURMOFs 2 were prepared. For the synthesis 15 layers were required resulting in a~120 nm thickness. This kind of SURMOF 2 was the one most commonly used in this work. To prepare SURMOFs with~80 nm thickness, 10 layers were applied while 20 layers resulted at a thickness of 160 nm.
SURMOF stability assays
The stability of Cu-SURMOF 2 in different aqueous media was investigated. The media used were Milli-Q® water, artificial seawater (ASW, Instant Ocean®), PBS buffer, PBS buffered fibrinogen solution (1 mg/ml) and Dulbecco's Modified Eagle cell culture medium (DMEM; 10% fetal cord serum, 5% L-Glutamine, 5% Penicillin/ Streptomycin). The samples were incubated in the different media for 1 h on a vibrational table (60 rpm) at room temperature. After incubation, the solutions were diluted with 1 l distilled water and the samples were removed from the solution and carefully rinsed with Milli-Q® water before being characterized by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
X-ray diffraction (XRD)
For all SURMOF 2 samples, out-of-plane XRD θ-2θ scans were recorded after synthesis and after the immersion into different solutions. XRD measurements of SURMOFs 2 were performed using a Bruker D8-Advance diffractometer with θ-2θ geometry and Cu K α radiation (λ = 1.54 Å) as X-ray source. Measurements were recorded by a PSD detector (MBraun, Garching, Germany) by a copper K α radiation at 40 kV/30 mA, with a step size of 0.007°and scan time of 3 s in the range of 2θ = 5°-30°.
X-ray photoelectron spectroscopy (XPS)
The surfaces were analyzed by X-ray photoelectron spectroscopy (XPS) using a Leybold-Heraeus MAX 200 Xray photoelectron spectrometer with a magnesium anode as X-ray source (K α = 1253,6 eV). Peak fitting was performed with the software XPSPeak 4.1 (Prof. R. W. M. Kwok, Department of Chemistry, University of Hong Kong) after using a Shirley background substraction.
Bacterial culture
Cobetia marina [10] (DSM 4741) was obtained as dried culture from DSMZ ("Deutsche Sammlung von Mikroorganismen und Zellkulturen" GmbH, German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany). Marine Broth (MB) and ASW were prepared according to the manufacturer's instructions. Culture and bacterial assays followed recently published protocols [11] . For bacterial assays, a single colony from an agar plate was inoculated into 20 ml MB overnight while shaking on a vibrational table (65 rpm) at room temperature. The overnight culture was diluted 1:100 in sterile MB and held in liquid culture until the desired OD 600 of 0.1 (log-phase) was reached. This suspension was centrifuged at 10,000 rpm for 2 min. The bacterial pellet was resuspended in sterile ASW and used for the experiments instantly. The number of bacteria in the suspension with an OD 600 of 0.1 was in order of 10 7 cells ml −1 approximately. For the preparation of the EPS solution from C. marina the ASW bacterial solution was first incubated in an Erlenmeyer flask for 2 h. Subsequently the EPS from the solution was separated from the bacteria following published protocols [12] .
Bacterial viability assays
The live/dead® BacLight™ bacterial viability kit (Invitrogen, Carlsbad, CA, USA) was used to determine the viability of the bacteria after 2 h incubation on Cu-SURMOF 2 (~120 nm thickness) and MHDA SAM as non-toxic control. This viability assay was often used in other previous studies [13, 14] . The assay which was performed following the manufacturer's experimental protocol uses a mixture of Syto® 9 green-fluorescent nucleic acid stain and the red-fluorescent nucleic acid stain propidium iodide. These stains differ both in their ability to penetrate healthy bacteria and in their emission wavelength. While the Syto 9 stain labels all bacteria, the propidium iodide only penetrates bacteria with damage membranes, as cells with intact membranes are impermeable to this dye. Thus, this assay is well suited for a viability bacterial analysis using fluorescence microscopy as recommended from the manufacturers. Prior to staining, the surfaces were incubated for 2 hours in a bacterial suspension in ASW at an optical density OD 600 = 0.1. Subsequently, 3 μl of 1:1 mixture of both stains (redand green-fluorescent nucleic stain) was added for each mL of bacterial solution and incubated at room temperature in the dark for 15 minutes. The samples were removed from the solution, and rinsed with Milli-Q® water. All samples were analyzed by florescence microscopy with an upright Nikon microscope 90-i and suitable optical filters (BV-2A and Texas red HYQ, Nikon, Tokyo, Japan) using a 40× objective. The ratio between dead and living bacteria was determined by evaluation of the number of fluorescing bacteria in the microscopy images.
Microfluidic bacterial detachment assay
The adhesion strength of the bacterium Cobetia marina on SURMOF 2 was quantified using a custom built microfluidic setup [15] which has previously been utilized to study cell and bacterial [11] adhesion on surfaces. The channels (dimensions: 13 mm × 1 mm × 140 μm) were positioned between a glass lid and the coated surface to be investigated. Four fully assembled channel systems containing four surfaces with different coatings were mounted on the stage of an inverted microscope (Nikon TE-2000) allowing a simultaneous incubation of the samples. Bacteria suspensions with an OD 600 = 0.1 were injected into all four channels and incubated for 2 h as established in previous protocols [11] . After the incubation phase, medium from a reservoir was aspirated through the channels by a computer controlled syringe pump generating a flow which was increased stepwise by 26% every 5 s. The detachment was followed via video microscopy with a 40 × Ph2 objective and the fraction of adherent bacteria was determined every 5 s. The removal from all four channels was done sequentially. The wall shear stress τ created by the liquid flow was calculated by Poiseuille's model under a Purday approximation [15] [16] [17] . From the removal curves (decreasing number of bacteria over time), the critical shear stress needed to detach 50% of the adherent bacteria (τ 50 ) as measure of how strongly the bacteria attached to the surfaces, was obtained. Each measurement was repeated at least four times. The τ 50 values are the mean of all measurements, error bars are the standard error of the mean (SEM).
Atomic force microscope (AFM)
After 2 h incubation, the bacteria were air dried overnight following published protocols [18, 19] . Bacteria were imaged using an Asylum Research Atomic Force Microscope, MFP-3D BIO. The AFM was operated at 25°C in an isolated chamber in alternating current mode (AC mode). AFM cantilevers were purchased from Ultrasharp 
SEM measurements
For the characterization of the samples by SEM, the bacteria were fixed by immersion into ice cold methanol for 3 min. Finally the samples were air dried. These SEM images were obtained on a FEI Philips XL 30 Field Emission Gun Environmental Scanning Electron Microscope (FEG-ESEM), operated in SEM-Mode at an acceleration voltage of 15 kV under a chamber pressure of 100 Pa and under High Vacuum (10 −5 Pa). For the evaluation of the morphological changes of C. marina after incubation on Cu-SURMOF 2, the bacteria were air dried without previous fixation. Prior to SEM measurements, the samples were sputtered in a Baltec MED 020 sputter coater with a 5 nm thick conductive layer of Au/Pd (80/20).
ICP-OES measurements
Copper concentrations were measured by inductively coupled plasma optical emission spectrometry (ICP-OES; OPTIMA 8300DV, Perkin-Elmer). The sample flow was set to 1 ml/min. The HF-generator operated at 1400 W. Gas flows were 15 l/min for the plasma, 0.5 l/ min for the thrust gas and 0.55 l/min for the vaporizer gas. The copper bands analyzed were the signals at 327.393 nm and at 324.752 nm.
Results
Stability of the Cu-SURMOF 2 in aqueous media and bacteria suspensions
The stability of Cu-SURMOF 2 (120 nm thickness) in various media was analyzed by XPS and XRD. Figure 1 shows virtually the same XP spectra of the C 1s (A) and the Cu 2p (B) peak for the pristine surfaces and after a 2 h incubation in Milli-Q® water. After an equally long incubation in artificial seawater (ASW, Instant Ocean®), only minor peak changes became visible as the Cu 2p peak slightly increased, while the C 1 s peak showed a marginal reduction. In agreement with previous data, [20] this indicates a disassembly of the top layers of the SURMOF structure resulting in better spectroscopic accessibility of the Cu 2+ dimers and a loss of some benzene-1,4-dicarboxylate (bdc) linkers. XRD measurements prove that all samples retained their crystallinity ( Figure 1C, 1D) .
The bacterium used in this work was Cobetia marina, a model marine bacterium used in adhesion studies due to its relevance in marine biofouling [11, 21, 22] . As bacteria cause an additional XPS signal, only XRD was applicable for detecting changes in the SURMOF. Incubation of Cu-SURMOF 2 with C. marina in ASW led to significant reduction of the XRD signal intensity over the course of 2 h ( Figure 1E ). In the process of attaching to a surface the bacteria secrete EPS composed of macromolecules, which are mostly polysaccharides [23] such as alginic acid (AA) [24] . That such biomolecules can affect the metalorganic frameworks is demonstrated by incubation of test samples in different solutions related to the bacterial physiology ( Figure 1F) .
A 2 h incubation in both, AA solution and a solution of EPS led to a dramatic decrease in the XRD peak intensities. After immersion into the supernatant of a bacterial suspension, a complete loss of crystalline order was observed. Inductively coupled plasma optical emission spectrometry (ICP-OES) measurements of the test solutions revealed significantly increased copper concentrations (Additional file 1: Figure S1 ). The highest copper concentrations of~2 mg/l were measured after 2 h exposure of the Cu-SURMOF 2 to the supernatant of bacterial suspensions and after incubation in suspensions of C. marina.
Atomic force microscopy (AFM) and scanning electron microscopy (SEM) were performed to determine the localization of the microbe-induced Cu-SURMOF 2 degradation (Additional file 2: Figure S2 and Additional file 3: Figure S3 ). SEM images show that bacteria removed during the preparation for electron microscopy left behind a dark spot at the position of their original attachment. Tilted images reveal that the SURMOF next to the bacterium remains unaffected. A thickness of ≈ 160 nm after bacterial incubation as determined by AFM is the typical thickness of a Cu-SURMOF 2 consisting of 20 layers, supporting the notion that degradation is highly localized.
Adhesion, viability, and morphology of marine bacteria Cobetia marina on Cu-SURMOF 2 Bacterial viability was determined by a live/dead assay on the Cu-SURMOF 2 (15 layers) and MHDA SAM as a non-copper containing control, after 2 h immersion in bacterial ASW solution. The green fluorescent nucleic acid stain labeled all bacteria while only bacteria with damaged membranes were labeled by red fluorescent dye. The fluorescence microscopy images (Figure 2A , 2B) after 2 h incubation of the bacteria on MHDA and Cu-SURMOF 2 show a large number of damaged bacteria, especially on the Cu-SURMOF 2. The ratio of damaged versus all bacteria was determined by evaluating the fluorescence signal (stained areas) in the microscopy images. A majority of the bacterial population was stained red on the Cu-SURMOF 2 (88%). In contrast, this fraction was only 0.9% on the MHDA SAM.
In addition to the viability studies we applied a microfluidic adhesion strength assay to investigate the influence of the active degradation of the Cu-SURMOF 2 on the adhesion of C. marina ( Figure 2C ). Microfluidic detachment assays were performed on Cu-SURMOF 2 (15 layers and 10 layers, respectively) and on hexadecanethiol (HDT) and mercaptohexadecanoid acid (MHDA) self-assembled monolayers (SAMs) as copper-free controls. Additionally, two types of surfaces with known low adhesion strength were included, polyethylene glycol (PEG) [11] and hyaluronic acid (HA) [25] . Both surfaces are known for their protein and cell resistance; thus, they provide a suitable control as typical inert surfaces.
As shown in Figure 2C , the shear stress needed to detach the bacteria (τ50) is significantly lower for both Cu-SURMOF 2 coatings of differing thicknesses compared to the HDT and MHDA SAM controls. Even though the trend is similar within the error bars, the 120 nm thick Cu-SURMOF 2 reduced adhesion more effectively than the 80 nm thick sample. An ANOVA test was performed between the critical shear stress τ50 values showing a high significance of the data (at a 0.01 level). A post-hoc Tukey test reveals that the HA coatings, PEG SAMs, and both Cu-SURMOF 2 coatings showed a statistically significant difference compared to the MHDA and HDT SAMs. These results demonstrate that Cu-SURMOF 2 led to a significant reduction of adhesion strength to a degree comparable to established protein and biofouling resistant surfaces.
A 3D visualization of the AFM images shows that the bacteria have a wrinkled surface when incubated on Cu-SURMOF 2 ( Figure 3B ). In contrast, bacteria incubated on HDT SAM had a normal, smooth morphology ( Figure 3A ) and the surface roughness of the bacteria was~50% lower than that on the Cu-SURMOF 2 ( Figure 3C) . Furthermore, the mean width of bacteria on the Cu-SURMOF 2 was~25% larger compared to that on HDT SAM (Figure 3D ), supporting the visual impression that the bacteria are flatter and broader. These observations show that reduced adhesion and viability of the bacteria on Cu-SURMOF 2 is associated with obvious morphological changes.
Discussion
Cu-SURMOF 2 is stable with regard to high-purity water and artificial seawater (ASW). Obviously, immersion into these liquids does not change x-ray diffraction (XRD) peak intensities or their positions. After immersion in ASW for two hours, data from X-ray photoelectron spectroscopy (XPS) show a slight increase in the Cu 2p signal and a small decrease in the C 1 s peak, indicating a small structural rearrangement in the near-surface region. However, dramatic changes are observed by adding Cobetia marina, a model marine bacterium frequently used for adhesion studies in the context of biofouling research, to the ASW. The XRD data reveal a dramatic decrease in the diffraction peak intensities. Since there is no substantial overall loss of material, this observation indicates a structural rearrangement brought about by the interaction of the bacteria with the MOF substrate. Scanning electron microscopy (SEM) and AFM images (Additional file 3: Figure S3 , Additional file 4: Figure S4 and Figure 4) show that the morphological changes are mainly localized in the vicinity of the adhering bacterium. The most likely explanation for these severe structural changes is the release of biomolecules by Cobetia marina. This hypothesis is supported by the fact that the investigated MOF materials, while stable in clean water and artificial seawater, react strongly to phosphate buffer or protein-rich media resulting in a structural rearrangement or decomposition, respectively. Since short peptides and small biomolecules are sufficiently small to fit within the SURMOF pores with a size of 1.1 nm [26] , we propose that extracellular polymeric substances (EPS) and other macromolecules secreted by bacteria diffuse into the porous support. This leads to a structural rearrangement and partly destruction within the crystalline coordination polymer and subsequently a loss of crystalline order.
The most important observation is made by inspecting the fluorescence microscopy images, recorded after applying a live/dead assay. They demonstrate that the majority of bacteria are dead after a two-hour exposure to the Cu-SURMOF 2 substrate. Control experiments conducted with the same substrates but without the SURMOF coating showed a high, normal viability of the microorganism. The most straightforward explanation of this surprising observation is that Cu 2+ ions are released upon the Cobetia marina-induced structural rearrangement and local disassembly of the supporting MOF. Control experiments in which the SURMOFs are exposed to suspensions of C. marina, a solution of extracellular polymeric substance (EPS) secreted by C. marina, and supernatants of bacteria suspensions indeed reveal that there are small concentrations of Cu 2+ in the corresponding solutions (Additional file 1: Figure S1 ). Similar experiments using SURMOFs where the Cu ions are replaced by Zn 2+ ions [27] showed no particular effect on the bacteria.
On the basis of these observations we propose the scenario depicted in Figure 4 . After attaching to the SURMOF substrate (which is stable in ASW), the bacteria release biomolecules which diffuse into the MOF and lead to a structural rearrangement of the MOF material. This structural arrangement is likely to include an exchange of ions, which in turn leads to a release of a small amount of Cu ions. These ions are toxic to microorganisms [28] . These results are supported by adhesion experiments that show a strong reduction in adhesion of Cobetia marina to SURFMOF-coated substrates, reaching the low levels typically observed for inert surfaces such as polyethylene glycol or hyaluronans [11, 25] .
Conclusion
In summary, Cu-SURMOF 2 represents a novel class of stimulus responsive coatings with built-in antifouling properties. The autonomous response of the Cu-SURMOF 2 is a fundamental concept, which will be exploited in novel antifouling coatings with strongly reduced release of copper into the environment. Beyond biofouling research, we expect that this innovative concept will be exploited in further microbiological and cell culture applications.
Additional files
Additional file 1: Figure S1 . ICP-OES measurement of the copper release by Cobetia marina and its byproducts. After incubating the Cu-SURMOF 2 in different media connected with the physiology of the bacteria, the copper concentration in the solution was determined by inductively coupled plasma optical emission spectrometry (ICP-OES). The media used were the same ones as in the XRD analysis ( Figure 1F of the main article). Pure ASW showed the lowest copper concentration (0.555 mg/l ± 0.005 mg/l), which is in line with the slight decrease of the XRD signal intensity detected. The solutions after incubation with C. marina (2.085 mg/l ± 0.095 mg/l) and with the bacterial supernatant (2.060 mg/l ± 0.130 mg/l) showed the highest copper concentration. This is in line with the disassembly of the Cu-SURMOF 2 samples by these solutions. The EPS solution (1.605 mg/l ± 0.005 mg/l) and the solution of alginate (1.630 mg/l ± 0.040 mg/l) also showed significant, but lower amounts of copper after incubation of the Cu-SURMOF 2 sample for 2 h.
